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Phase diagrams of noncentrosymmetric superconductors 
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Noncentrosymmetric superconductors with various types of pairing interactions are systemati- 
cally examined with particular focus on phenomena that originate from the differences of the Fermi 
surfaces split by strong spin-orbit coupling. In particular, when the spin-orbit coupling increases 
and one of the split Fermi surfaces disappears, the phase diagram and the structure of the gap func- 
tion change drastically. For example, we examine the conditions for transition from full-gap states 
to line-node states (FLT), which may explain differences in experimental results between noncen- 
trosymmetric superconductors Li2PdaB and Li2PtaB discovered recently. The dominant pairing 
interactions and the gap functions can be predicted to some extent by comparing the theoretical 
and experimental results in these compounds. For example, if the FLT occurs by replacing Pd with 
Pt, it is most likely that the superconductivity is mainly induced by charge-charge interactions, and 
if this is the case, the superconductivities in Li2PdaB and Li2PtsB are an s-wave nearly-spin-triplet 
state and a d-wave state that has both spin-singlet and triplet components of comparable weights, 
respectively. Comparing the theoretical phase diagrams in a simple model, it is found that the 
FLT occurs in a wider and realistic parameter region for the charge-charge interactions, i.e., where 
short-range Coulomb repulsion is strong and p-wave and d-wave interactions are attractive, while it 
occurs in narrower and rather unrealistic parameter regions for the interactions of magnetic origin. 
It is also found that d-wave spin-triplet pairing may occur, when the pairing interactions are of 
magnetic origin and anisotropic in the spin space. 

PACS numbers: 74.20.-z, 74.25.Dw 



I. INTRODUCTION 

Recently, superconductors without inversion symmetry 
have been studied extensively due to their unconventional 
features [1-17]. The strong spin-orbit coupling results in 
splitting of the electronic bands, in which the direction 
of the electron spin depends on the momentum. As a 
result, the Cooper pairs are not purely of spin-singlet or 
of spin-triplet. Furthermore, inter-band pairing is forbid- 
den, when the spin-orbit coupling is so strong that the 
energy difference of the spin-orbit split bands is larger 
than the magnitude of the gap function. 

Among those noncentrosymmetric superconductors, 
we are interested in the ternary borides Li2PdsB and 
Li2Pt3B [11, 12], because their superconductivity ex- 
hibits completely different behaviors in spite of the same 
crystal structures. In the nuclear magnetic resonance 
(NMR) measurements in Li2Pd3B, Nishiyama et al. ob- 
served that the nuclear spin relaxation rate T^ 1 exhib- 
ited the coherence peak just below T c , and the spin sus- 
ceptibility decreased below T c [13]. These results indi- 
cate that the gap function is isotropic, and has compo- 
nents of antiparallel spin pairing. On the other hand, in 
Li2Pt3B, the relaxation rate T^ 1 did not exhibit any co- 
herence peak, and was proportional to T 3 below T c [14]. 
These behaviors indicate that the gap function has line 
nodes. The low-temperature penetration depth A(T) 
measured by Yuan et al. exhibited the BCS-like behav- 
ior in Li2Pd3B, while it exhibited a linear temperature 
dependence in Li2Pt3B, which also supports existence of 
the line nodes [15]. 

In Li2Pt3B, the Knight shift remained unchanged 



across T c [14] in contrast to that in Li2Pd3B. The the- 
oretical explanation for this behavior seems difficult as 
follows. If the behavior indicates that the spin suscep- 
tibility remains unchanged across T c , antiparallel-spin 
pairing is excluded. On the other hand, as Frigeri et al. 
have showed [3], the d- vector d must be parallel to the 
direction of the momentum dependent spin axis g(k) in 
noncentrosymmetric superconductors with strong spin- 
orbit coupling. Below, we shall argue that these results 
lead to a contradiction, unless there is any extra effect. 

The results of specific heat measurements and muon- 
spin rotation experiments by Hafligcr et al. indicate 
that the whole family of Li2(Pdi_ 2 -Pta;)3B comprises 
single-gap s-wave superconductors across the entire dop- 
ing regime [16]. The H-T phase diagram and several 
superconducting parameters obtained by Peets et al. ex- 
hibit continuous change as functions of the doping ratio 
x [17]. Therefore, the pairing symmetries of these com- 
pounds are still controversial. 

Recently, Shishidou and Oguchi have performed the 
first-principle calculations in Li2Pd3B and Li2Pt3B, and 
obtained the Fermi surface structures [10]. Strong spin- 
orbit coupling results in large splitting of the Fermi sur- 
faces. In each of the spin-orbit split bands, the direction 
of the spin depends on the momentum. According to 
their results, every Fermi surface appears to have their 
partners of the spin-orbit split Fermi surfaces (SFS) in 
Li2Pd3B, while some of the Fermi surfaces do not appear 
to have their partners in Li2Pt3B due to stronger spin- 
orbit coupling, although strictly speaking the relations of 
the spins and momenta on the SFS are quite complicated. 

In this paper, being motivated by the above exper- 
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imcntal and theoretical results, we examine phase dia- 
grams of pairing anisotropy in the systems with strong 
spin-orbit coupling. In particular, we focus on possible 
drastic changes of the superconductivity when one of the 
SFS disappears. For example, the experimental and the- 
oretical results mentioned above seem to suggest that a 
full-gap state changes into a line-node state when the 
spin-orbit coupling increases and one of the SFS disap- 
pears. We abbreviate such a full-gap line-node transition 
as FLT from now on. Such a behavior may be attributed 
both to the changes of the electron states and to those of 
the phonon states. We examine the former possibility in 
this paper. Although we call such a change a transition, 
it is not necessarily a phase transition that exhibits a dis- 
continuity at a specific spin-orbit coupling constant. In 
the real materials, with increasing the coupling constant, 
the density of states from the Fermi-surfaces without 
spin-orbit split partners may increase continuously. In 
this case, averaged physical quantities contributed from 
both kinds of Fermi-surfaces with and without partners 
may change continuously. 

In Sec. II, we briefly review the formulation used in 
this paper. The possible forms of the gap functions are 
shown, and Frigeri et al.'s result mentioned above is re- 
produced. In Sec. Ill, we derive the expressions of the 
dimcnsionless coupling constants and the transition tem- 
peratures of the superconductivity on the basis of a model 
with intra-band pairing interactions and inter-band pair- 
hopping interactions. We pay special attention to the 
differences of the two SFS. In Sec. IV, we derive the 
intra-band pairing interactions and the inter-band pair- 
hopping interactions from original interactions between 
electrons with momentum-independent spins. We sup- 
pose the charge-charge interaction (CI) and the spin-spin 
interactions (SI) as original interactions. In Sec. V, we 
examine two limiting cases, i.e., an equal-band limit and 
a single-band limit. The latter case occurs when one of 
the SFS disappears due to stronger spin-orbit coupling. 
In Sec. VI, in order to illustrate the theory, we examine 
spherically symmetric systems as examples. Phase dia- 
grams in planes of the coupling constants are shown for 
several types of interactions. In Sec. VII, we summarize 
the results and discuss the ternary superconductors. We 
use the units where ti — 1 and ks = 1. 



tion g(k) that satisfies g(—k) = —g(k) and |<?(fc)l = 1) 
and express it as 



II. 



FORMULATION 



First, we examine the Hamiltonian of noninteracting 
electrons defined by 



with 



k ^ 



£fe = - ag(k) ■ er, 



(1) 



(2) 



9(k) = {gx(k),g y (k),g z (k)) 
= (sinflfc cost^fc, 

sin 9k sin tf>k , cos 9 k ) 



(3) 



with the polar coordinates (#fe,¥>fe)- We divide the mo- 
mentum space into two regions R±, such that 

k e R± ± g y (k) > 0, 

and define unitary matrices by 

U k = R z {vk)Ry{9 k ) 



-lR z (iP-k) Ry{9- k ) 



e 2 cos -f e 



for k € We transform the electron operators Ck a 

into fermion operators Ck± by (c fe+ ,c fe _) = (cj^, c]^)Uk- 
These transformations are essentially the same as those 
used in previous papers [1, 2, 8]. Using Uk and U-k, the 
Hamiltonian Hq is diagonalized as 



s=± fcgi?. + 



with £ks = £fc - sa - fi. 

Next, we examine the Cooper-pair operators defined 
by Vw(fc) = c kaC-ka' and 4> ss >{k) = c fcs c_ fcs '. In terms 
of the d- vector d(k) = (d x (k),d y (k),d z (k)Y and the sin- 
glet component do(k), the Cooper-pair operators are ex- 
pressed as 

( ^n( fe ) ^n( fe ) ^ 

-d x (k) + idy(k) d z (k) + do(k) 
d z (k) - d (fc) d x (k) + idy(k) 

The unitary transformations defined above lead to 

i)++{k) = s k (g(k) ■ d(k) + do(k)) 

^__(fc) = Sfe (g(k) ■ d(k) - d (k)) U) 

4>+-{k) = g + -(k)-d(k) 

i>-+{k) = g-+(k)-d(k), 

with Sfe = ±1 for k G R±, where we have introduced 
vectors 



where oo and er are the 2x2 identity matrix and the 
Pauli matrix, respectively. We suppose the vector func- 



g+-(k) = (- cos 9k cos ipk - ism ipk, 

— cos 9k sin ipk + i cos (pk , sin 9k), 



(5) 
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and g |_(fc) = — g+_(k). All three vectors g±^(k) and 

g(k) are orthogonal to each other. 

When a ^> fcsT c , we have (ip±zf(k)) = for any k. 
This condition, together with Eqs. (4) and (5), immedi- 
ately results in (d(k)) \\ g(k), which coincides with the 
result by Frigeri et al. [3]. Hence, we can define a scalar 
operator d(k) such that d{k) = d(k)g(k). Since d(k) 
and g(k) are of odd parity, the operator d(k) is of even 
parity. In terms of d{k) and <io(fc), the Cooper-pair op- 
erators are rewritten as 



tp ss (k) = s k (d(k) +sd {k)). 



(0) 



The results of this section do not depend on the form of 
the pairing interactions. 



III. SUPERCONDUCTIVITY 

In the weak-coupling theory, the pairing interactions 
are expressed by 

1 3 

ff i = 7jH E ^(*. k ') dl(k) (7) 



k,k' p=0 



where we have neglected the corrections due to the bro- 
ken inversion symmetry. When a 3> kgTc, we can omit 
the terms that include ip± T . Hence, Eq. (7) is rewritten 

as 

H ^ = jj E E r -'( fe ' fc ')^L( fc )^'( fc '), (8) 



ss' 



where 



T ss ,(k,k') = SS 'V s in(k,k') + V tri (k,k') (9) 
for k, k' £ and 

V sin (k,k') = V (k,k') 

A (io) 

V tTi (k,k') = Y.g^V^k'Yg^k'). 
We define the gap function 

Afe * = -^ E E r^(fc,fc')(Vw(fc')> (n) 

k'eR+ s' = ± 

and the temperature Green's functions 

Gs(k,r) = -(T T c ks (r)c ks ) 
F s (k,r) = -<T T cl fcs (T)4>, 

with A{t) = e TH Ae- TH and H = H + H x . The gap 
function is written as 

A ^ = 4 E E r ss ,(fc,fc')-Mfc',-o). 



We obtain 

Q s (k, u) n 
T s {k,uj n 



iu n + £ ks 



(iuj„ - E ks )(iw n + E ks ) 

A ks 



(12) 



(ioj n - E ks )(iuj n + E ks ) '' 
with the quasi-particle energy 



Ei, 



(13) 



as previous authors have obtained [1, 2, 5, 8]. We obtain 
the self-consistent equation 

Afcs = -^ E E rs S '(k,k')W(E kls ,)A k , s ,, (14) 



k'£R + s' = ± 



where W(E) = tanh(E/2T)/2E. 

We assume that the pairing interactions exist only 
between electrons near the Fermi surfaces, not only 
when the interactions are mediated by phonons, but 
also when they are mediated by spin and charge fluc- 
tuations [8, 18, 19]. This can be taken into account by 
introducing effective cutoff energies for each vertex func- 
tion r ss /(fc,fe'). In general, the cutoff energies depend 
on the positions of the interacting electrons on the Fermi 
surfaces. In particular, we retain the dependence on the 
band indexes of the interacting electrons. Therefore, the 
gap functions are written in the forms 



At 



16 



(15) 



where k = k/\k\, and the pairing interactions are written 
in the separable forms 



r„,(fc,feO = rj£>( w w 



\ih.\M 



,(*') 



h' s' 



(16) 



k'eR+ s'=± 



For the pairing interaction mediated by phonons, the 

( s) 

cutoff frequencies ujc can be replaced with the Dcbyc 
frequency wd, which does not strongly depend on the 
band index s = ±. For those mediated by electronic 
fluctuations, they are characteristic energy scales of the 
fluctuations, which strongly depend on the band index 
s = ±, because the nesting condition strongly depends 
on which Fermi surfaces concern. The spin and charge 
susceptibility have a sharp peak at a nesting vector qo 
that connects the parts of the Fermi surfaces with a bet- 
ter nesting condition. Thus, the pairing interactions me- 
diated by corresponding fluctuations become strong at 
qo, within a momentum width comparable to the peak 
width of the corresponding susceptibility [20]. Since the 
peak width reflects the difference between the original 
Fermi surface and that shifted by the nesting vector, the 

(s) 

cutoff frequencies lu c are energy scales that correspond 
to the peak width in the momentum space. For exam- 
ple, smaller or a4 ' means the critical slowing down 
of the fluctuations in the proximity to the corresponding 
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phase transition. Therefore, it is worth examining the 
influence of the difference of U)c and ' on the super- 
conductivity. 

We rewrite the gap equation in the above model. In- 
troducing density of states p s defined by 

l£>(e fe5 ,fe) = dz Ps (z,k)F(z,k), 

where F(£, fe) is an arbitrary function, Eq. (14) is written 
in the form 

4" = -lT,J^?Ao,k>)r%,> 



s' = ± ■ 

.,(•') 



4tt 



Supposing the second-order phase-transition, the super- 
conducting transition temperature T c is given by the con- 
dition of the first appearance of the nontrivial solution of 
the eigen equations 



A« = --Y [ M&L Pa ,(p,k>)TW 
°'=± J 



-in 



2e 1 u { c ) (s ') 

x In — — A- ' 

ttT c fe' ' 



(17) 



where 7 = 0.57721 • • • is the Euler's constant. 

On the basis of Eqs. (15) and (16), we introduce the 
basis functions 

7«(fc) = - \£ ks \) 7a (fc) 

that are normalized by 

k 

Here, a and j a (k) denote a symmetry index and the 
corresponding basis function with respect to the direction 
of fe, respectively. Choosing a set of the basis functions 
that is compatible with the symmetry of the system, the 
pairing interactions are expressed as 

^(fc,fc') = X^'W^'^'V). (is) 

a 

and 

r ss ,(k,k') = SkSk , X b^(k)Yr^^(k'). 

a (even) 

We should note that only a's of even parity appear in the 
expansion of T ss > from Eqs. (9) and (10). With V^ ss ' ] 
defined by 

V tli (k,k') = E H s) (k)}*V^^'\k'), 

a(even) 



we obtain 

r^=ss'vf^+V^ (19) 
from Eq. (9). The gap functions are expressed as 



A 



hs 



a(even) 



(20) 



The linearized gap equation (17) is decoupled into a 
set of equations 

nl exx 



with 



and 



\(ss') _ _Ip(ss') (a) 



(0) 



(21) 



4tt 



^(0,fe')|7a(*!')| 



Here, T^'s denote the transition temperatures when 
A^ oc S a i a is assumed. The physical transition tem- 
perature, below which there exists a nontrivial solution 
Afc s 0, is given by T c = max a T CQ; . 

When we restrict ourselves to a symmetry index a that 

(s) 

gives the highest T cct , we omit the index as A s = A a , 
l s = ln(2e 7 Wc S V 7r ^c) and define intra- and inter-band 
coupling constants by A s = A« and A' s 
Hence, the linearized gap equation is written as 



1 - X+l, 
-A' 1+ 



-A' + Z_ 
1 - A_L 



A_ 



(22) 



We introduce an arbitrary energy scale lo c comparable to 

w^', and define S± = ln^c^/^e), and / = ln(cj c /T). 
We obtain an expression of the transition temperature 

(23) 

with an effective coupling constant 
A = 



2e 7 _i 

T c = w c e A 

ir 



A+ + A_ ± J(X+ - A_) 2 + 4A;A'_ 



(24) 



with A± = (A± - S T d x )/(l - 6), A' ± = A' ± /(l - 5), and 
5 = X+5+ + A_<5_ - 5 + 5^d\, d\ = A + A_ - A' + A'_. In 
Eq. (24), we take the sign which gives larger T c and 

satisfies the condition that A > and T c <C Uc . If 
we set bj c = iOc = Wc , Eq. (24) with + sign is 
reduced to the expression obtained by Samokhin and 
Mineev [8]. Defining p = { yjl + 4r A /A+A_<7 2 - l}/2, 
q = Al 1 - X- 1 + (1 -r x %, r x = A' + A'_/A+A_, and 
= ln(cjc + ^ juj c ^), we obtain a compact form 



1 ( 1 



A l-r A VA 



Tpq 



5 



and T c = (2eT/7r)o;^ ±) exp(-l/A). 

Figure 1 shows behaviors of the transition tempera- 
tures in the presence of the ± band mixing, T c g de- 
notes the transition temperature of a single s-band with 
A' ± = 0. Without loosing generality, we have assumed 

A + > A_. Note that the scale of is much smaller 



than those of T c g ' and T c in Fig. 1. It is found that the 
presence of A_, even if it is so small that gives negligi- 
bly small T c g ^ , remarkably enhances the transition tem- 
perature through the inter-band interactions A' ± . The 

transition temperature increases as the ratio Uc~^ 
increases. We obtain essentially the same behavior, when 
T c q ' is fixed by adjusting A_ , as shown by the dot-dashed 

curve in Fig. 1. Therefore, the imbalance of tends 
to enhance the transition temperature through the inter- 
band mixing effect. As argued above, the model with 
Lui ' > Wc + ' and A_ < A+ corresponds to the system in 
which the nesting condition of the + band Fermi surface 
is better than that of the — band Fermi surface. 
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FIG. 1: Transition temperatures as functions of the cutoff 
energy. The solid and dashed curves show T c and T^q ^ , re- 
spectively. As an example, A+ = 0.2, A_ = 0.1, A+A'_ = 0.01 
are assumed. The dot-dash curve shows the result when the 
ratio T c ( (7 ) / T c ( o +> = °- 007 is fixed b y adjusting A_. 



IV. PAIRING INTERACTIONS 

In this section, we examine the transformation of the 
original charge-charge and spin-spin interactions into the 
pairing interactions between the electrons on the SFS. 
We examine the interactions of the form 



Hi — Hie + H\ z + H 1 ±. 
with the charge-charge interaction (CI) 

i,3 



(25) 



(26) 



the Ising-type interaction 

H\ z = JfjSfSj, 
i,i 

and the planar spin interaction 

H 1 x = J24( s ? s ? + s ! s j)- 



(27) 



(28) 



Here, n t = E CT c la c ^ and S i = § Ea lCT2 cL^Vi^cW 
The CI can be derived as an effective interaction medi- 
ated by phonons and charge fluctuations, while the SI can 
be derived as that mediated by spin fluctuations, which 
includes the kinetic exchange and super-exchange inter- 
actions. We have ignored the broken inversion symmetry 
in the interactions, although it might give rise to some 
interesting effect. Wc define V z = J z and V 1 - = J 1 - for 
simplicity of the notation. The above interactions give 
rise to the pairing interactions as 



H ^ =jf E^(fc,fc')^L<(fc)4.'(fc') 

kk' aa' 

H ^ 4E^ J «( fc ' fc ')iWi'W (29) 



kk' aa' 



2N 

kk' a 

within the BCS approximation, where we have defined 

y q x = E e ~ iqR ' j v $ ( x = c - z -- and 

Ft, j 

V c (k,k') = V£_ k ,, V z (k,k>) = Vg_ k ,, and V x (k,k') = 

^fe+fe' • The cv-components ^ are defined by the equa- 
tions analogous to Eq. (18). Rewriting Eq. (29) into 
the forms of Eqs. (8), (9), and (10), we obtain the a- 
componcnts of the singlet and triplet coupling constants 



y(ss') _ 9v (ss') _ 1 j(ss') 
v 0a — zl ca 2 



J 



(83') 



i/( ss ') 

Vex. 



a' (odd) 



[ z y2QQ' v ca' ' 2^ 2aa ' - 



_„( ss ') j( ss ') 
~y2zaa' J ±a' 



Therefore, we obtain the transformation rule 

r (ss') _ V"^ n-(ss') T/ (ss') 
1 a — /^i ' Xaa' v Xa' > 



(30) 



a'X 



where 



r 

' r 



t; 



:aa' 
(as') 



T 

' za.cn 



2 SS '5 aa , + 2g££, 
2 " aa T 2^ 2aa ' 



(31) 



-ss 6 n 



(ss') 
92zaa'i 
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and 



and interaction parameters Vq^^ 



(±T) 



1 (V 



(ss') (ss') _|_ (»«') 



\2 



(±±) 



(±T) 



V3 n , andw 



(+) 



(-) 



Oa 

which arc indc- 



-(ss') _ (ss') 
.92qq' — ff2a:Q;c 



-(*«') 



_(»«') 

92zaa' 



(32) 



with Ci' = and 



(«»') _ » „(»') 



pendent of the band indexes, while the SFS arc displaced 
in momentum space because we have set (ip±zp(k)) = 0. 
We define A™ 1 = -^V^/Of and A* Q ri = -§V* ri PF. Then, 



we obtain X„ s 



ss'XT + A t " ».e 



(a) 



A' 



A' 



A_ 
A' 



\sin i \tri 

-Ar + A* ri . 



In particular, for isotropic spin interaction Jf. = J± = Sctting UJc = w (±) in Eq . ( 2 4), we obtain 



Jy, we obtain 



^ = - 6 -Jt' ] 



(33) 



a'(odd) 



In the model with a strong on-site Coulomb interaction 
U , the interaction 



1 



Hi = J ( S i ■ S i ~ J n * n j) 



(34) 



(id) 



is derived in the second-order perturbation of the hopping 
integral t with t -C U. This form corresponds to the 
present model Eq. (25) with J* = J± = and V£ = 
—Jij/A. Therefore, from Eq. (33), we obtain 



(ss') 



On 



-2A S 



vl ss ' ] = 0. 

Since Eq. (34) does not have triplet interactions, any ef- 
fect due to the singlet-triplet mixing that we will describe 
below does not occur. 

In the above equations, a must be of even parity as 
mentioned above. Therefore, a' must be of odd parity 
in the second terms of Eqs. (31), because g(k) is an odd 

function. The pairing interactions V^, ' with odd (even) 
a' contribute to the gap function of even a through the 
triplet (singlet) components Vtri {V s i n ). For example, in 
a spherically symmetric system, p-wave interaction con- 
tributes to both s-wave and d-wave pairing, while s-wave 
and d-wave pairing do not contribute to each other. 



V. TWO LIMITING CASES 

In this section, we compare the results of two opposite 
limiting cases: an equal-band limit and a single-band 
limit, which are defined below. 



A. The equal-band limit 

We define the equal-band limit by the conditions for 
the densities of states 



pV a) (0) = P w (0)^ PF 



(a), 



(35) 



A, 



X n i I A' 



2A^ in 
2Al ri 



(36) 



the larger positive one of which is the physical solution. 
For A Q = 2A„ m and 2Ajj rl , the gap function becomes 



A 



(-) 



and 



respectively. Therefore, in this ideal case, the gap func- 
tion becomes purely singlet or triplet, respectively. 



B. The single- band limit 

The single-band limit is defined so that only one of 
the spin-orbit split bands has a Fermi-surface, which is 
expressed as 



p(f(0) = p F and pL Q) (0) = 0. 



(37) 



The limit can be used as a theoretical model for some of 
the Fermi surfaces in I^PtaB. Since A_ = X'_ =0 and 
A_ = 0, the linearized gap equation Eq. (22) becomes 
A + = A + Z + A + . Therefore, we obtain 



A, 



' Vv 



\sin I \tri 



(38) 



with uj r = 



.(+) 



The gap function becomes 



A (+) 



A 



(-) 



A« 




Hence, we obtain J"_(fc,w„) = and |(d(fe))| = |(cfo(fe))| 
from Eqs. (6) and (12), where | • • • is to get rid of the 
arbitrary phase factors. In contrast to the equal-band 
limit, the amplitudes of the spin-singlet and triplet com- 
ponents coincide. 

Thus, the properties of the superconductivity are com- 
pletely different in the two limits. The disappearance of 
one of the SFS causes a drastic change in the transi- 
tion temperature and the gap structure. This might ex- 
plain the difference between the experimental results in 
Li 2 Pd 3 B and Li 2 Pt 3 B discussed in Sec. I. For example, 
the full-gap structure may change into a gap structure 
with line nodes, when the spin-orbit coupling a increases. 
We shall illustrate it in the following sections. 
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VI. PHASE DIAGRAMS 

We apply the present theory to several specific models. 
As an example, we suppose that the system has spheri- 
cally symmetric Fermi surfaces, and g(k) = k. We set 
a = (I, to) and define the spherical harmonic functions 
by 

Y lm (k) = Y lm (6 h , n ) = Pr(cos6 k y m ^ y 

where Of, and iff, denote the polar angles to express the 
direction of k, and P[ n (w) denotes the Legendre polyno- 
mial. The basis functions are written as 

ltt(k) = C%6(4^-\£ ks \)Y lm (k) 

(s) 

with the normalization factor C im . In the expansions 
of the interactions, we assume that vL s , s , K = Vxi, and 

' X{lm) ^- L1 

retain the terms up to Z = 2, for simplicity. The coeffi- 
cients 9^nm)(i'm') can ^ e calculated straightforwardly, for 

example, as 5^ 0)(M) = ffS(i,o)(o,o) = V 3 > and so on - 

In this section, we examine the two limiting cases de- 
fined in the previous section: the equal-band limit and 
the single-band limit. The former limit is a simplified 
model of the system in which both of the SFS exist 
(case (i)), while the latter limit corresponds to the sys- 
tem in which only one of the spin-orbit split bands has 
the Fermi-surface (case (ii)). 

A. Charge-charge interaction 

In the system with the CI defined by Eq. (26), we 
obtain 

r&° = 2ss'V c0 +2V cl 
r^' } = 2ss'V c2 + ^V cl 

with 771 = ±2, ±1, 0. Therefore, in the equal-band limit, 
we obtain 

Aoo = A c o + A c i, Aq = — A c o + Aci, ^g-^ 

A2771 = A c2 + gA c i, A 2m = — A C 2 + gA c l, 

with A c ; = — Vdpp. Similar results, except the terms 
including A C 2, have been obtained by Samokhin and Mi- 
neev [8]. The gap function of the s-wave state has a 
full-gap structure, while those of the d-wave states have 
line nodes. In the present isotropic model, the transition 
temperatures of the d-wave pairing are degenerate with 
respect to to, and a d-wave state expressed by the lin- 
ear combination of those degenerate states occurs below 
T c . By minimizing the free energy, we obtain a d-wave 
state with a full-gap structure, but this is an artifact due 
to the isotropy of the model. Taking into account the 
anisotropy that exists in real crystal systems the degen- 
eracy is lifted, and some of the solutions with different 



to's have the highest T c . Therefore, considering the re- 
ality, we ought to regard the d-wave states as line-node 
states at least near the transition temperature, while at 
low temperatures the order parameters with different to's 
can be mixed and the full-gap state may occur. From 
Eqs. (36) and (39), we obtain 

A = max(2A cO ,2Ai,0) 

A 2 = max(2A c2 ,4A 1 /5,0). [W) 

Hence, the resultant coupling constant is expressed as 

A = max(2A c0 ,2A c2 ,2A cl ,0), (41) 

which gives the phase diagram shown in Fig. 2. The 
phase diagrams in this paper are not those at T = 0, 
but the diagrams of the phases that give T c . Successive 
transitions to other superconducting phases may occur 
below T c . 

It is found from Eqs. (40) and (41) that when the 
even-parity pairing is induced by the spin-triplet pair- 
ing, it will have the s-wave symmetry rather than the 
d-wave symmetry, because 2A c i > 4A c i/5 for A c i > 0. 
While the p-wave attractive interaction contributes to 
both the s-wave pairing and the d-wave pairing, the con- 
tribution to the s-wave pairing is larger by the factor 
5/2. Consequently, as shown in Fig. 2, when the s-wave 
and d-wave pairing interactions A c o and A c2 are weak 
or repulsive, the p-wave pairing interaction induces the 
s-wave superconductivity. Such an s-wave state has a 
full-gap structure like the conventional s-wave state, but 
is at the same time purely spin-triplet state that has 
the d-vector (d(k)) = (d(k))g(k) with an even parity 
amplitude (d(k)}. The gap function becomes Afc s . = 

— 2V c \Sk{d{k)) oc Sfc6 , (wc S ' ) — |£fe l)> which does not have 
nodes on the Fermi-surface but has the phase factor 
The energy gaps of the quasi-particle energies E k ± be- 
come constants |A^ ^| independent of k, from Eqs. (13) 
and (20). The s-wave spin-triplet order is suggested in 
Li 2 PdaB and Li 2 Pt3B by Yuan et al. [15]. Interestingly, 
however strong the repulsive spin-singlet interaction is, 
weaker attractive spin-triplet interaction could cause the 
s-wave superconductivity mentioned above, owing to the 
cancellation effect between the intra- and inter-band in- 
teractions. On the other hand, in Fig. 2, the d-wave 
phase in the upper area and s-wave phase in the right area 
are conventional pure spin-singlet phases induced by d- 
wave and s-wave pairing interactions, respectively. Away 
from the equal-band limit, the mixing of spin-singlet and 
triplet states occurs. 

In the single band limit, the effective coupling constant 
becomes 

A = max(A ,A 2 ,0), (42) 

where A = A c0 + A c i and A 2 = A 2m = A c2 + §A c i, 
which gives the phase diagram shown in Fig. 3. In both 
the d-wave and s-wave phases, the singlet-triplet mixing 
occurs. It is found that the p-wave spin-triplet pairing 
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-1 



o- 
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d-wave 

A 2 = A c2 + g"4l 




s-wave 

A) = 4o + K\ 





A;0 / K\ 



FIG. 2: Phase diagram of the system with the CI, when both 
of the SFS exist. The spin-triplet interaction is assumed to 
be attractive. 



FIG. 3: Phase diagram of the system with the CI, when only 
one of the spin-orbit split bands has a Fermi-surface. The 
spin-triplet interaction is assumed to be attractive. 



interaction stabilizes both the d-wave and s-wave phases, 
but in contrast to the equal band limit, the superconduc- 
tivity is suppressed, where both of the d-wave and s-wave 
interactions are repulsive and strong enough. 

Figure 4 shows the transitions when one of the SFS 
disappears. In the gray area, the s-wave full-gap state 
changes into the d-wave state. Since the d-wave state 
can be regarded as a line-node state as argued above, the 
transition in this area is a kind of the FLT. This result 
may explain the observations in Li2Pd3B and Li2Pt3B 
as discussed in Sec. I. In this case, the initial state of 
the transition is the s-wave spin-triplet state, and the fi- 
nal state is the d-wave state with both spin-singlet and 
triplet components. The conventional s-wave spin-singlet 
state can not be the initial state that changes into the 
final d-wave state, as shown in Fig. 4. This result is 
roughly interpreted as follows. For the d-wave state to 
occur as the final state in the single-band limit, the s- 
wave interaction needs to be weak or repulsive. There- 
fore, if the s-wave state occurs as the initial state for the 
same values of the coupling constants, it must be a spin- 
triplet state induced by the p-wave interaction, rather 
than a spin-singlet state induced by the s-wave interac- 
tion. This interpretation is not a rigorous proof, but 
verified by Eqs. (41) and (42) and Fig. 4. In the most 
part of the gray area, the s-wave interaction is repul- 
sive (A c o < 0), while the p-wave and d-wave interactions 
are attractive and the former is stronger than the latter 
(0 < A C 2 < A c i). These conditions are likely to be sat- 
isfied in real materials in which both the screened short- 
range Coulomb repulsion and phonon mediated pairing 



interactions are strong. 

Figure 5 shows the transitions in case that the p-wave 
component of the interaction is repulsive, which might be 
unlikely if we suppose phonon mediated pairing interac- 
tion as the CI [21]. In the gray area, the s-wave full-gap 
state changes into the d-wave state. In contrast to the 
previous case, the initial s-wave state is of spin-singlet 
pairing. 



B. Spin-spin interactions 



Next, we examine the phase diagrams and the transi- 
tions of the systems with the SI H z i and H±i of Eqs. (27) 
and (28). In this type of interactions, anisotropies of in- 
teractions in the spin space play an essential role. De- 
pending on the anisotropy and the sign of the interac- 
tions, the transition from the full-gap state to the line- 
node state (FLT) can occur. 
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FIG. 4: Superposition of the phase diagrams Figs. 2 and 3 
to show the transition when one of the SFS disappears due 
to increase of the spin-orbit coupling. The spin-triplet inter- 
action is assumed to be attractive (A c i > 0). The notation 
"a — s> b" means the transition from the phase "a" to the phase 
"b", where d, s, and N mean d- and s-wave superconducting 
phases, and the normal phase, respectively. The suffixes s, t, 
and st mean the spin-singlet, triplet, and singlet-triplet mixed 
states, respectively. For example, "s t — > d st " means the tran- 
sition from the s-wave spin-triplet state to the d-wave state 
with both spin-singlet and triplet components. 



1. Ising-type interaction 



FIG. 5: Transitions when the interaction is of the charge- 
charge type and the p-wave component is repulsive. The leg- 
ends are the same as those in Fig. 4. 



with \ z i — jJ z iPf- Hence, we obtain 



A = max(2A 20 ,-§A 2 i,0), 



A 20 = max(2A 22 , j|A 2i ,0), 
A 2 ,±i = max(2A z2 ,0), 
A 2 ,± 2 = max(2A 22 ,-f A 2 i,0), 



(44) 



and 



In the system with only Ising-type interaction Eq. (27), 
we obtain 



A = max(2A z0 ,2A 22 , -gA zl , — X zl ,0). 



(45) 



r (ss') _ 
1 00 ~ 


-±ss 


JzO + 


\Jz\ 


-p(ss') 

1 20 — 


-±ss 


Jz2 ~ 




-p(ss') 
i 2,±l — 


-\ss 


Jz2 




r (ss') 

1 2, ±2 — 


-\ss 


Jz2 + 


\Jzl- 



(i) In the equal-band limit, we obtain 



Aoo 
A20 

A2±l 
A2±2 



A 2 o — \X z i, 
A 2 2 + ^A 2 i, 

A 2 2, 

A 22 



Ani 



An I 



An 



2±1 



; A zli 



2±2 



A 2 o — ^A 2 i, 
_ A 2 2 + ^A 2 i, 

~A 2 2, 
"A Z 2 



1 \ 

; Azl, 



(43) 



Interestingly, the repulsive p-wave spin-triplet interac- 
tion stabilizes both the d-wave spin-triplet state with 
(l,m) = (2, ±2) and the s-wave spin-triplet state. How- 
ever, because of the numerical factors in front of A 2 i, the 
former overcomes the latter, (ii) In the single-band limit, 
we obtain 



Ao — A 2 o — jjAjji, 
A20 = A z2 + ^A 2 i, 



A 



2,±1 



A 



7.2- 



A2,±2 — A z2 — -rXzl- 



The resultant coupling constant is 

A = max(A , A 20 , A 2 ,±i, A 2 ,± 2 ,0). 



(46) 



(47) 
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2. Planar spin interaction 

In the system with only planar spin interaction 
Eq. (28), we obtain 

r g S ^ = — Ss'J±o + I Jj_i, 
^20 ) = SS'J_L2 + ^J±l, 

T ( 2 %\ = -ss'Jj_ 2 + ^±1, 

r 2,±2 = ~ ss 

(i) In the equal-band limit, we obtain 



Aoo 


= A_ 


_o — 


sA_li, 


Aoo — 


-Aj 


_o — 


|A_L1, 


A20 


= A_ 


2 — 


TfAxi, 


A20 = 


-Aj 


2 — 


I5 A -L1 


A2±l 


= A_ 


2 — 




A 2±l — 


-Aj 


_2 — 


|Aj_i, 


A2±2 


= A_ 


-2j 




A 2±2 — 


-Aj 


-2, 





with Aj_; = 2^-i-iPF- Hence, we obtain 

A = max(2Aj_ , -|A±i,0), 
A 20 = max(2Aj_ 2 , -^Aj_i,0), 
A2.ii = max(2A± 2 , -|A±i,0), 
A 2 ,±2 = max(2Aj_ 2 ,0), 

and 

2 

A = max(2Aj_ ,2A_L2,-gAj_i,0). 
(ii) In the single-band limit, we obtain 



A 


— A±o — 


|Aj_i, 


A20 


= A ± 2- 




A 2 ,±i 


= A ±2 - 


5A-L1) 


A2,±2 


= Aj^ 2 - 





The resultant coupling constant is the maximum positive 
one as given by Eq. (47). 

3. Isotropic spin interaction 

Lastly, in the system with isotropic spin interaction 
J?j = Jjj = Jij , we obtain 

1 — — SS 5 Jo + 2 Jl > 

r( ss ') — „ e /3 7 1 1 / 

1 2 — — SS 2^2 + 5 J\- 

(i) In the equal-band limit, we obtain 

Ao = Ao — 3A1, Aq = — Ao — 3A1, 
A2 = A2 — 15A1, A 2 = — A2 — J5A1. 



with A; = jJipf- Hence, we obtain 

A = max(2A , -f Ai,0), 
A 2 = max(2A 2 ,- I |Ai,0), 

and 

A = max(2A ,2A 2 ,-|A 1 ,0). (48) 

(ii) In the single-band limit, we obtain 

Ao = Ao — g-Ai, 
A2 = A2 — J5A1, 

and 

A = max(A o -iA 1 ,A 2 --| A i 5 0). (49) 
o 15 

4- Phase diagrams and the transitions 

In this subsection, we examine the phase diagrams of 
the systems with SI. Figures 6-11 show the phase di- 
agrams of the systems with various types of the SI (see 
Table I). In each figure, two phase diagrams arc super- 
posed in the way shown in Figs. 2 - 4 for the CI. The 
solid lines show the phase boundaries for case (i), and 
the broken lines and the texts in the brackets show the 
phase boundaries and the symmetries of the phases for 
case (ii). As explained in the caption of Fig. 4, the nota- 
tion "a — > b" means the transitions from the phase "a" 
to the phase "b" , when one of the SFS disappears (case 
(i) — > case (ii)). In addition to the characters "s", "d", 
and "N" , we have defined the notation "2m" that means 
the d-wave state with A oc Yim- 

In case (i) , anomalous even-parity (s- and d-wave) spin- 
triplet superconducting phases occur, where both the s- 
and d-wave components of the interactions are repulsive. 
The Ising-type interactions induce the d-wave spin-triplet 
states with different m for either sign of the p-wave com- 
ponent (Figs. 6 and 7), in contrast to the CI. The mag- 
netically mediated pairing interactions could also induce 
the s-wave spin-triplet states, when the interaction is pla- 
nar or isotropic and their p-wave component is repulsive 
(Figs. 8, 9, 10, 11). These results are quite different from 
that in the system with the CI, in which s-wave spin- 
triplet state occurs only when the p-wave component of 
the interaction is attractive. These differences are ex- 
plained as follows. When the singlet interactions are re- 
pulsive, only the triplet p-wave interaction contributes to 
the even-parity state through the mixing effect due to the 
spin-orbit coupling. Depending on the sign of the second 

terms of the matrix elements Txal> {X = c, z, _L) defined 
by Eq. (31), attractive or repulsive p-wave interaction 
may contribute to the superconductivity of anomalous 
type. Independently of the type of the interactions, such 
an anomalous phase disappears, when one of the SFS 
disappears due to the stronger spin-orbit coupling. 
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FIG. 6: Phase diagrams and the transitions for the Ising- 
type interaction with attractive p-wave components. Solid 
and broken lines are the phase boundaries in case (i) and case 
(ii), respectively. The states for the latter case are shown in 
the brackets. The notation "2m" means the d-wave state with 
quantum number (2, m) (see the text). The other legends are 
shown in the caption of Fig. 4. 




FIG. 7: Phase diagrams and the transitions for the Ising-type 
interaction with repulsive p-wave components. The legends 
are shown in the captions of Figs. 4 and 6. 



FIG. 8: Phase diagrams and the transitions for the planar spin 
interaction with attractive p-wave components. The legends 
are shown in the captions of Figs. 4 and 6. 



Type of 


coupling 


p-wave component 


interaction 


constants 


Ai > 


Ai < 


Ising 


J 2 ^ 0, Jl = 


Fig. 6 


Fig. 7 


Planar 


Jz = 0, Jx + 


Fig. 8 


Fig. 9 


Isotropic 


J Z =J X =J 


Fig. 10 


Fig. 11 



TABLE I: Table of the phase diagrams. 



Transitions from the full-gap state to the line-node state 



The FLT due to the disappearance of one of the SFS 
occurs also for the SI as shown in Figs. 6-11, which are 
summarized in Tabic II. Practically, we can regard the 
d-wave states as line-node states, even when they degen- 
erate with respect to to, by the argument in Sec. VI A. 

In these phase diagrams, the regions where the FLT oc- 
curs are narrower than that in the phase diagram (Fig. 4) 
for the CI. Furthermore, it seems difficult that the s- 
wave component becomes attractive for the interactions 
of magnetic origin. If we exclude such a situation, the 
remaining possibilities are planar spin interaction and 
isotropic spin interaction with Ai < 0. However, in those 
cases, the FLT occurs only in small regions, in which 
the pairing interaction is very weak. Therefore, in the 
present theory, if the FLT occurs, it is most likely that 
the CI is the most dominant pairing interaction. 
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FIG. 9: Phase diagrams and the transitions for the planar spin 
interaction with repulsive p-wave components. The legends 
are shown in the captions of Figs. 4 and 6. 



FIG. 10: Phase diagrams and the transitions for the isotropic 
spin interaction with attractive p-wave components. The leg- 
ends are shown in the captions of Figs. 4 and 6. 
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TABLE II: Relation between the type of the interactions and 
the signs of the coupling constants for the FLT to occur. In 
each phase diagram, the signs are those for the major part of 
the area in which the FLT occurs. The double sign ± means 
that A2 can take either sign, but the absolute value is small. 
"s s " and "st" denote the s-wave spin-singlet and triplet states, 
respectively. 



VII. SUMMARY AND DISCUSSION 

We have examined the superconductivity in noncen- 
trosymmetric systems with various types of interactions 
between electrons. We have presented a formulation of 
the superconductivity, and obtained the transition tem- 
peratures and the gap functions, including the results 
that have been obtained by previous authors [1-3, 8]. We 
have derived the pairing interactions Eq. (30) between 
the two electrons on the SFS from the interactions be- 
tween original electrons. Transformation matrices l~xal' 
for three types of interactions V$, J?- and J^j are ob- 



tained. We have examined two kinds of order-parameter 
mixing effects in such superconductors due to the strong 
spin-orbit coupling: One is the parity mixing of the spin- 
singlct pairs (do(k)) and and the triplet pairs (d(k)), and 
another is the inter-band mixing of the pairs on the differ- 
ent SFS, i.e., (i(,' ++ (k)} and (ip (fc)), due to the inter- 
band pair hopping. 

First, we have examined the equal-band limit, where 
A s , A' s , and uj^ do not depend on the band index s = ±. 
We should note that this limit does not imply the absence 
of the spin-orbit coupling, because the split of the Fermi- 
surfaces is taken into account by setting (ip± T (k)) = 0. 
In this limit, since the parity mixing effect is suppressed, 
a pure spin-singlet state or a pure spin-triplet state oc- 
curs, while the inter-band mixing effect becomes the most 
efficient. Secondly, we have examined the single-band 
limit, where p~(0) = 0. In this limit, the amplitudes of 
the spin-singlet and triplet components coincide, in con- 
trast to the equal-band limit. When one of the SFS disap- 
pears, the inter-band mixing effect disappears, while the 
singlet-triplet mixing effect becomes the most efficient. 
Between these two limits, drastic changes explained be- 
low take place. 

It is found that inter-band interactions could enhance 
the superconducting transition temperature T c remark- 
ably, even if they are very small, as demonstrated in 
Fig. 1. For example, when A + = 0.2, A_ = 0.1, and 
Loi ~'/uic = 2, the T c 's of independent bands (A^_ = 
A'_ = 0) are estimated as T c ( +) /1.13^ +) « 0.00764 and 
T c ( _) w 0.0135 x T c ( +) < T c ( +) . In this case, small inter- 
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be the dominant pairing interaction in many of the sys- 
tems in which the FLT is observed. When the s-wave 
interaction is strongly repulsive, for example due to the 
strong on-site (screened) Coulomb repulsion, and the p- 
wave and d-wave interactions are attractive, we obtain a 
large region where the FLT occurs (see Fig. 4) . 

Therefore, the inexistence of the partners in some of 
the SFS in I^PtaB, which has been found by Shishidou 
and Oguchi [10], may play an essential role in the dif- 
ferences of the superconductivity in I^PtsB from that 
in Li2PdsB. If the FLT occurs and the present scenario 
is the case in these compounds, it is most likely that 
the full-gap state in Li2PdaB and the line-node state in 
Li2PtaB are an s-wavc nearly-spin-triplct state and a d- 
wave state that has both spin-singlet and triplet com- 
ponents of comparable weights, which are induced by 
the CI. On the other hand, if the full-gap state occurs 
also in Li2Pt3B [16], the both states are of s-wave pair- 
ing, but that is a nearly spin-singlet state in Li2Pd3B 
and a singlet-triplet mixed state of comparable weights 
in Li 2 Pt 3 B. 



FIG. 11: Phase diagrams and the transitions for the isotropic 
spin interaction with repulsive p-wave components. The leg- 
ends are shown in the captions of Figs. 4 and 6. 

band interactions, such as X', = X'_ = 0.1, enhance the 
transition temperature up to T c ps 3.96 x T£' > 

This effect may partly explain large difference of T c 's 
observed in Li 2 Pd3B and Li 2 Pt3B (7 K and 2.7 K, re- 
spectively). In the latter compound, some of the Fermi 
surfaces loose their partners due to stronger spin-orbit 
coupling [10], and they are not benefited from the inter- 
band mixing effect. This explanation is the case, if the 
Fermi-surfaces without partners dominate the supercon- 
ductivity in the latter compound. Their contributions 
to the density of states are large, according to the first 
principle calculation by Shishidou and Oguchi [10]. 

In addition, we have examined the effect of the differ- 
ence of the two effective cutoff energies w^ + ' and ojc ■ 
The difference can be large in the interactions mediated 
by spin and charge fluctuations, because each pair of the 
Fermi-surfaces has a different nesting condition, which is 
sensitive to the shape of the Fermi-surfaces. It is found 
that the transition temperature strongly depends on the 
ratio ujc /u4 a s shown in Fig. 1. 

Next, we have examined models with spherically sym- 
metric Fermi-surfaces and g(k) = k as an example. The 
resultant phase diagrams drastically change when one of 
the SFS disappears. In particular, we have derived the 
areas where the transition from the full-gap state to the 
line-node state (FLT) occurs. The FLT occurs in many 
cases, but analyzing the phase diagrams, it is found that 
it occurs in a wider and realistic parameter region for 
the CI, while it does in rather narrower and unrealistic 
parameter regions for the SI. Therefore, the CI would 
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Isotropic spin 








s-wave 



TABLE III: Anomalous spin-triplet states and the properties 
of the interactions. The signs are those for the major parts 
of the areas in which the anomalous spin-triplet states occur. 
Strictly, see corresponding phase diagrams. + sign means the 
interaction is attractive between original electrons. 

It is found that the magnetically mediated pairing in- 
teraction can induce the d-wave spin-triplet states as well 
as the s-wave spin-triplet state. Wc summarize the rela- 
tion between the anomalous spin-triplet states and the 
properties of the interaction in Table III. The magnetic 
anisotropy of the Ising-type interaction plays an essential 
role in the occurrence of the d-wave spin-triplet states as 
summarized in Table III. The terms 2A z i/15 in A20 and 
X' 20 and the terms — 4A z i/5 in A2,±2 and X' 2 ±2 m ^q. (43) 
induce the d-wave spin-triplet states, when X z ± > and 
X z i < 0, respectively. Furthermore, when the spin-spin 
interaction is planar or isotropic, repulsive p-wave in- 
teraction can induce the s-wave spin-triplet state, if the 
even-parity interactions are repulsive or weak. 

Lastly, we discuss the experimental result of the 
Knight-shift in Li2Pt3B [14], which exhibits a flat tem- 
perature dependence. As wc mentioned in Sec. I, it seems 
that conventional theory could not explain this result. 
If we assume that the spin susceptibility remains un- 
changed across T c , we obtain that (d z (k)) = (do(k)) — 
for majority of fe's. Since (d z (k)) = (d(k))g z (k) 1 wc 



14 



obtain (d(k)) = or g z (k) = cosOk = 0. Therefore, 
this leads to a contradiction that all the superconducting 
gap functions vanish as (d(k)) = (d(k)} g(k) = and 
(d Q (k)) = 0, unless the superconductivity occurs mainly 
on parts of Fermi surfaces in which 9k — tt/2 is satisfied. 
However, in L^PtaB, since the sample was powder, the 
angles between the magnetic field and the crystal axises 
would have distributed randomly. One of the possible 
explanations is that the states of the sample, such as the 
gap function of the superconductivity and orientations of 
the powders, are considerably affected by the magnetic 
field applied for the measurement. The theoretical inter- 
pretation of the behavior of the Knight-shift remains for 
the future. 

In conclusion, the superconductivity in noncentrosym- 
metric system drastically changes when one of the SFS 
vanishes as the spin-orbit coupling increases. For ex- 
ample, the gap structures, the transition temperatures, 
and the phase diagrams arc quite different depending on 
whether both the SFS exist or not. In particular, in some 
conditions, the FLT occurs when one of the SFS disap- 
pears. The area of the FLT in the phase diagram is the 
largest, when the pairing interaction is the CI and the 



condition A c i > A C 2 > > A c o is satisfied. The latter 
condition seems realistic in the real materials if we sup- 
pose the CI. Therefore, within the present theory, it is 
most likely that the CI is the dominant pairing interac- 
tion, in systems in which an FLT occurs, although pos- 
sibilities of magnetically induced pairing interactions are 
not excluded. Anomalous superconducting states, such 
as s-wave and d-wave spin-triplet states, are induced by 
the attractive or repulsive p-wave spin-triplet interaction 
in the presence of the inter-band spin-triplet-pair hop- 
ping interactions which are active only when both of the 
SFS exist. These behaviors are sensitive to the type of 
the pairing interaction. 
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